In baseball pitching, biomechanical parameters have been linked to ball velocity and potential injury risk. However, although the features of a biomechanical model have a significant influence on the kinematics and kinetics of a motion, this influence have not been assessed for pitching. The aim of this study was to evaluate the choice of the trunk and shoulder features, by comparing two models using the same input. The models differed in thoracohumeral joint definition (moving or fixed with the thorax), joint centre estimation, values of the inertial parameters and computational framework. One professional pitcher participated in the study. We found that the different features of the biomechanical models have a substantial influence on the kinematics and kinetics of the pitchers. With a fixed thoraco-humeral joint the peak average thorax angular velocity was delayed and underestimated by 17% and the shoulder internal rotation velocity was overestimated by 7%. The use of a thoraco-humeral joint fixed to the thorax will lead to an overestimation of the rotational power at the shoulder and will neglect the power produced by the forward and upward translation of the shoulder girdle. These findings have direct implications for the interpretation of shoulder muscle contributions to the pitch.
Introduction
Baseball pitching is one of the most studied motions in sport biomechanics, with many studies aiming to identify the biomechanical variables that influence performance and the risk of injury (Fortenbaugh, Fleisig, & Andrews, 2009; Oyama, 2012; Weber, Kontaxis, Brien, & Bedi, 2014; Whiteley, 2007) . However, these studies did not all use the same biomechanical model. Different studies might have important differences in their biomechanical models, and so produce substantial differences in the estimated kinematics and kinetics of a given motion.
For a biomechanical model of pitching, we identified four important features (1) the thoraco-humeral joint model that can be either fixed with the thorax if the thorax is defined by the hip joint centres and acromio-clavicular joints (Aguinaldo & Chambers, 2009; Fleisig, 1994; Naito, Takagi, & Maruyama, 2011; Roach & Lieberman, 2014) or moving with respect to the thorax if the thorax is defined by thoracic markers (Gasparutto, Van Der Graaff, Van Der Helm, & Veeger, 2016; Naito, Takagi, Yamada, Hashimoto, & Maruyama, 2014; Takagi et al., 2014) , (2) the body segment inertial parameters (Ae, Tang, & Yokoi, 1992; Clauser, Mc Conville, & Young, 1969; Dempster, 1955; Dumas, Cheze, & Verriest, 2007) , (3) the joint centres estimation (Ae et al., 1992; Dempster, 1955; Dillman, Fleisig, & Andrews, 1993; and (4) the computational framework (Feltner & Dapena, 1986; Gasparutto et al., 2016; Naito & Maruyama, 2008) . In studies of human gait, the features of a biomechanical model are known to affect the estimation of the kinematics and kinetics of the lower limb (Dumas, Nicol, & Chèze, 2007; Pearsall & Costigan, 1999; Rao, Amarantini, Berton, & Favier, 2006; Reinbolt, Haftka, Chmielewski, & Fregly, 2007; Stagni, Leardini, Cappozzo, Benedetti, & Cappello, 2000) . To our knowledge, the influence of the features of a biomechanical model has not been quantified for baseball pitching, and so the consistency of the results obtained from the various models used in the literature has not been verified. It is reasonable to assume that modelling assumptions will also have a significant influence on the kinematics and kinetics for a highly dynamic motion as pitching. What is at stake is that significant differences in the estimated kinematics and kinetics obtained by different models for the same motion could result in contradictory conclusions, specifically for studies using correlations between kinematic and kinetic parameters. This could lead to incorrect and even potentially harmful recommendations to the coaches and pitchers. In addition, contradictory observations between two different studies could be due to different modelling assumptions more than differences in the pitching motion itself. To gain confidence in the recommendations from the scientific community, it is necessary to understand the influence of the choice for different features. Therefore, the aim of this study is to evaluate quantitatively the effect of the trunk and shoulder features by comparing the kinematics and kinetics obtained by multiple models for the same input pitching motion.
Two different models were selected. The first model was previously developed by the authors of the present study (Gasparutto et al., 2016) and based on the work of Dumas et al. . The second model was developed by Fleisig et al. (Fleisig, 1994; Zheng, Fleisig, Barrentine, & Andrews, 2004) and is one of the most used models in biomechanical studies of baseball pitching. These two models use different regression equations to determine the inertial parameters and joint centres and have different mechanical frameworks but the main difference concerns the definition of the thorax segment and shoulder joint model. The Gasparutto model estimates the thorax motion with markers on the thorax only whilst the Fleisig model uses the estimated shoulder joint centres and hip joint centres to represent the thorax. As a consequence the Fleisig model merges the scapular girdle motion with the thorax motion, whereas, the Gasparutto model separates between the thorax motion and the displacement of the scapular girdle relative to the thorax. This leads to the following limitations: (a) if the thorax is flexed but the shoulders stay above the hips, the Fleisig model will not capture this flexion, (b) if the scapular girdle is moved forward, the Fleisig model will interpret that motion as an axial rotation of the thorax. Although this feature is bound to have an effect on thorax and arm kinematics, its influence was never assessed previously. Based on the limitations of the Fleisig model, we hypothesise that the merged thoraco-humeral joint model will show reduced thorax flexion and tilt and increased axial rotation leading to increased shoulder angles, angular velocities and actions when compared to the moving thoraco-humeral joint model developed by Gasparutto et al. (2016) .
Methods
One professional right-handed baseball pitcher, with 5 years of MLB experience, participated in the study (height: 1.98 m, weight: 101.2 kg). After having been informed of the aims and procedures of the experiment, the player signed an informed consent form. The Faculty of Human Movement Sciences' local ethical committee approved this research project.
Equipment
A motion capture system consisting of eight motion capture beams was used to track active skin markers (4 Optotrack Certus, 4 Optotrack 3020, Northern Digital Inc., Waterloo, Ontario, Canada). The pitching mound consisted of a two-part wooden pitching mound that was taped to two forceplates (Vrije Universiteit, Amsterdam, The Netherlands,1.08 x 1.08 m, 200 Hz, (Ibrahim, Faber, Kingma, & van Dieën, 2017) ). The standing part of the pitching mound included a pitching rubber and the stepping part had a downward slope of 5.5 degrees as recommended in the Major League Baseball regulations. A high-speed camera (Casio EX-ZR 1000, Casio Computer CO., LTD., Tokyo, Japan) was used to film the mound from the right lateral side at a frame rate of 240 Hz.
A net with a rectangular pitching target was placed at 10 m from the mound. As the strike zone is at 18 m during a game, the target was scaled to the usual strike zone. The pitches were marked 'strike' if they reached the target and 'ball' if they were out of the target. A speed gun (Stalker Pro II Speed Sensor Radar, Applied Concepts, Inc./ Stalker Radar, Plano, Texas, United States) placed behind the net was used to record the maximal ball speed of every pitch in miles per hour (mph).
Measurement procedure
The pitcher had a one-hour warm-up with his physical trainer, as in game conditions. The pitcher was then equipped with 24 active markers; 18 were placed on anatomical points on the head, upper limbs and lower limbs and 2 clusters of 3 active markers on the thorax and pelvis respectively.
Once equipped with markers, the pitcher performed as many warm-up throws as he wished from the pitching mound. When ready, the pitcher performed from the mound three fastballs with six active markers on the upper limb and then eight fastballs with 24 active markers on the full body. The acquisition was done at the maximal acquisition frequency: 170 Hz with six markers and 90 Hz with 24 markers.
The pitcher was instructed to throw as fast as he could while attempting to hit the pitching target. After the throwing procedure, eight anatomical points of the pelvis and thorax were acquired with a pointer. The main markers used in this study are depicted on Figure 1 .
Data processing
Data processing was done with Matlab2014a (The MathWorks, Inc., Natick, Massachusetts, United States) and with the use of Mokka and of the BTK Matlab API (Barre & Armand, 2014) . The five fastest strikes were used for the analysis.
Marker trajectories and ground reaction forces
The marker trajectories were interpolated and upsampled to 170 Hz with a validated upsampling method (see Supplementary Materials). The upsampled marker trajectories were filtered with a fourth order Butterworth low-pass filter with a cutting frequency of 12.5 Hz during the stride and follow-through and with a cutting frequency of 25 Hz during the arm cocking, the arm acceleration and the arm deceleration phases.
The thorax and pelvis anatomical points were reconstructed based on the pointing procedure and the pelvis and thorax cluster motion. The joint centres (shoulder, elbow, wrist, hip) were defined with regression equations (Dumas, Cheze et al., 2007) . To avoid inconsistencies in segment length due to the soft tissue artefacts and the interpolation of the trajectories, a quasi-static multibody optimisation (Lu & O'Connor, 1999) , detailed in the Supplementary Materials, was performed with the 'fmincon' function of Matlab2014a.
The synchronised ground reaction force was downsampled to 170 Hz and corrected for the mound weight. The time of foot contact was defined as the time when the ground reaction force under the stride foot was larger than 10 N.
The synchronised high speed camera was used to identify the time of ball release. It was defined as the first frame when the ball is not visibly touched by the hand.
Models
The Fleisig model and the Gasparutto model differed in four features: (a) the thoracohumeral joint that was fixed or moving, (b) the inertial parameters based on (Dempster, 1955) or (Dumas, Cheze et al., 2007) , (c) the joint centres estimation based on (Dillman et al., 1993) or (Dumas, Cheze et al., 2007) and the mechanical framework based on (Feltner & Dapena, 1986) or (Dumas, Aissaoui, & de Guise, 2004; Gasparutto et al., 2016) . These points are summarised in Table 1 and details of the thoraco-humeral joint models and mechanical framework are given below.
Thoraco-humeral joint
The Gasparutto model features a 'moving' thoraco-humeral joint. The thorax is defined by thorax markers (deepest point of Incisura Jugularis, Processus Xyphoideus, Processus Spinosus of the 7 th cervical vertebrae, Processus Spinosus of the 8 th thoracic vertebrae, see Figure 1 ) according to the recommendation of the International Society of Biomechanics (ISB) (Wu et al., 2005) and the scapular girdle motion is modelled by allowing the gleno-humeral joint (GH) to translate with respect to the thorax in three directions (forward/backward, upward/downward, lateral/medial). The Fleisig model features a 'fixed' thoraco-humeral joint. The thorax is defined by the right and left hip joint centres and the right and left GH. The GH displacements are defined with respect to the midpoint of the right and left GH and are limited to the lateral-medial direction. A forward/backward motion of the scapular girdle will be interpreted as an axial rotation of the thorax. Likewise an upward/downward motion of the scapular girdle will be interpreted as a lateral tilt of the thorax. The geometric differences between the Gasparutto model and the Fleisig model are depicted in Figure 2 .
Kinematics and kinetics
The joint angles represent the angles of the distal segment with respect to the proximal one and the net joint forces and moments represent the net forces and moments of the proximal segment on the distal segment. When needed, the sign of the angles from the Fleisig model and the zero angle position of the joints were modified to match the recommendation of the ISB and be compatible with the other models. The displacements and velocities of GH in the thorax were computed with respect to the cervical joint centre for the Gasparutto model and with respect to the mid-point of the right and left GH for the Fleisig model (1994) . Lumped (Fleisig, 1994) (Dempster, 1955) (Dillman et al., 1993) (Dumas et al., 2004; Gasparutto et al., 2016) The joint kinetics were estimated by the inverse dynamics methods described by Dumas et al. (2004) for the Gasparutto model and by the inverse dynamics method described by Zheng et al. (2004) for the Fleisig model. The net joint forces and moments were then projected in the corresponding joint coordinate systems as explained in Gasparutto et al. (2016) . 
Intermediate models

Model comparison
The joint kinematics and joint kinetics estimated by the six models were compared for parameters relevant to baseball pitching (Fortenbaugh et al., 2009) .
The selected kinematic parameters were: the shoulder horizontal abduction angle at foot contact, the shoulder maximal external rotation angle, the elbow flexion angle at maximal shoulder external rotation, the peak norm of the thorax angular velocity, the shoulder peak internal rotation velocity and the elbow peak extension velocity. The time series of the thorax angles, thorax angular velocities, GH translation and GH linear velocities were also compared and reported as they represent the main difference between the two selected models.
Regarding the kinetics, the selected parameters were the peak shoulder pulling force, the peak of the norm of the elbow net force, the peak of the norm of the shoulder net force, the peak elbow adduction moment, the peak shoulder external-rotation moment and the peak shoulder internal-rotation moment.
The mean difference between the parameters from the Gasparutto model and the Fleisig and intermediate models were computed as well as the timing difference for the peak values. A two-tailed paired t-test was performed to account for the statistical significance of the differences.
Results
The mean ball velocity was 39.7 ± 0.2 m/s (88.8 ± 0.4 mph).
GH displacements (Figure 4)
The 'moving' thoraco-humeral models showed a backward displacement during the arm cocking phase. This was followed by a forward motion during the arm acceleration phase with a peak forward velocity of 1.5 m/s at ball release for the Gasparutto model and a peak forward velocity of 1.9 m/s between ball release and maximal internal rotation for the 'joint centre' intermediate model. GH continued with a forward motion during the follow-through. Regarding the upward motion, the 'moving' thoraco-humeral models showed small variations in position but an upward velocity during the acceleration and deceleration phases with a peak of 0.4 m/s and 0.7 m/s at ball release for the Gasparutto model and 'joint centre' intermediate model respectively. By definition, the fixed thoraco-humeral models showed no displacement and no velocity for these two degrees-of-freedom. All models presented some lateral-medial displacement and velocity.
Model comparison (Figure 3, Table 2)
When compared to the Gasparutto model the Fleisig model showed increased shoulder horizontal abduction at foot contact, reduced thorax angular velocity, increased elbow extension velocity, and increased elbow forces, elbow adduction moment and shoulder internal rotation moment. The peak thorax angular velocity and peak elbow extension velocity were also delayed by 15 ms and 11 ms respectively. Based on the 'fixed' intermediate model results, the thoraco-humeral feature was found responsible for the reduced thorax angular velocity and showed as well an increased shoulder internal rotation velocity. The elbow extension velocity was mainly influenced by the joint centre estimation.
The net joint forces and moments were influenced by the inertial parameters and the joint centres but the largest influence was found for the mechanical framework feature. 
Discussion and implications
This study aimed at understanding the influence of the choice of biomechanical model features on the analysis of pitching, especially for the thorax segment and the thoracohumeral joint. Two models were compared: the Fleisig model (Fleisig, 1994; Zheng et al., 2004 ) and the Gasparutto model (Gasparutto et al., 2016) . The influence of each feature was evaluated with four intermediate models. Although this paper studied the pitching motion of a skilled professional baseball player, the possibility of idiosyncrasies in the pitching technique of the participant cannot be excluded. This study showed that there is a non-negligible displacement of GH during the pitch that a fixed thoraco-humeral joint cannot account for. The position of GH with respect to the thorax showed a backward displacement during the cocking phase followed by a peak forward and upward velocity occurring at ball release and a forward displacement during the follow-through, likely to be used to ease the deceleration of the upper limb.
It is important to note that the lateral-medial displacement of GH does not represent a shortening-lengthening of the clavicle but the displacement of GH around an arc of ellipsoid for the moving thoraco-humeral joints and the variation of distance between the right and left GH for the fixed thoraco-humeral joints. The 'fixed' model can only capture lateral-medial displacement of the scapular girdle. However, the lateral/medial position of GH for the fixed thoraco-humeral joint convention is equal to half the distance between the left and right GH and the point of reference to compute that position is moving with respect to the thorax which makes any interpretation difficult. Thus the fixed thoraco-humeral convention is not appropriate for the description of the scapular girdle motion and while not exactly modelling the role of the scapula, a moving thoraco-humeral joint should be preferred to get insight in the scapular girdle motion during pitching.
The assumption in the Fleisig model that the thorax is defined based on the shoulder joint centres and hip joint centres led to reduced thorax flexion angle, tilt angle, and peak thorax rotation velocities and consequently to an increased estimation of the peak shoulder internal rotation velocity. The increased thorax axial rotation after ball release was likely to be due to the forward motion of GH during the arm acceleration phase and follow-through. Indeed, the forward motion of the right GH was interpreted as thorax axial rotation by the fixed thoraco-humeral joint model. It is interesting to see that the timing of the peak thorax angular velocity and of the peak elbow extension velocity was changed. This could lead to significant differences when studying the kinetic chain. Regarding the kinetics, contrary to our initial hypothesis, the thoracohumeral joint definition did not have any significant influence on the net joint forces and moments. This can be understood by the fact that the equations used to estimate the net moment and force at the shoulder only use the estimation of the GH position in the mound reference frame and not the thorax position and orientation. The thorax orientation was only used during the projection of the shoulder net joint moment and forces in the shoulder joint coordinate system. A significant difference was found for the peak shoulder internal rotation velocity between the Gasparutto model and the intermediate models with the fixed thoracohumeral joint but not between the Gasparutto model and the Fleisig model. The intermediate models results suggest that this inconsistency comes from the differences in mechanical framework. The effect of the framework can also be clearly observed on the estimation of the peak elbow adduction moment and peak net joint force. Indeed, significant differences on these peaks were found between the Fleisig model and the Gasparutto model but not between the Gasparutto model and the intermediate model for the mechanical framework feature. As the Fleisig model and this intermediate model are identical apart from the biomechanical framework, the difference in the estimation of the elbow peak between Fleisig and Gasparutto can be explained by the difference of framework. This observation is supported by a previous study showing that the influence of the inverse dynamics method was 'at least of equivalent importance' than other modelling hypotheses.
Conclusion
The influence of the choice of trunk and shoulder features on the kinematics and kinetics of baseball pitching were quantified in this paper. These features regrouped the thoraco-humeral joint model, the joint centre location, the inertial parameters, and the computational framework. By comparing two main models and four intermediate models with one different feature at a time, we showed that all of the features had a significant influence on the kinematics and/or kinetics of the pitcher and we were able to identify the variability associated with each feature.
The Fleisig model is a simple and elegant model that allows for a reasonable estimate of the kinematics and kinetics of the upper limb. However, the use of GH and the hip joint centres to estimate the thorax orientation and translations leads to underestimations of the thorax angular velocity, overestimations of the shoulder internal rotation velocity, delayed timing of the peak thorax and elbow angular velocities and will make it impossible to estimate the GH displacement during the pitch. Thus, it might not be sufficiently detailed to study the shoulder girdle action during pitching and could lead to a large overestimation of the angular powers occurring at the shoulder while neglecting the power due to the forward and upward translation of the shoulder girdle. This has direct implications for the interpretation of shoulder muscle function during the pitch as it could lead as well to an overestimation of the role of the internal rotator of the shoulder in power generation. The 'moving' thoraco-humeral joint model was developed to tackle these issues and gain a deeper knowledge of the shoulder complex actions during pitching.
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